Habitat loss and fragmentation are considered to be the leading drivers of biodiversity loss. The small-island effect (SIE) can be used to predict species extinctions resulting from habitat loss and has important implications for species conservation. However, to date, no study has explicitly evaluated the prevalence of SIEs in habitat islands. Here, we compiled 90 global datasets to systematically investigate the prevalence and underlying factors determining the ubiquity of SIEs in habitat island systems. Among the 90 datasets, SIEs were unambiguously detected in 36 cases. We found significant effects of habitat island types and taxon groups on the threshold area of SIEs. The number of islands, area range, species range, island type and taxon group were key variables that determined the prevalence of SIEs. Our study demonstrates that SIEs occur in 40% of cases and thus are common in habitat islands. We conclude that conservation biologists and applied ecologists should consider the prevalence of SIEs when making management strategies in fragmented landscapes.
Introduction
Habitat loss and fragmentation are generally considered to be the leading drivers of global biodiversity loss [1, 2] . Numerous studies have examined the effects of habitat loss and fragmentation on species richness [3] [4] [5] . The equilibrium theory of island biogeography [6] has often been the theoretical basis for habitat fragmentation studies where fragments are explicitly treated as islands [7] . Understanding how species richness is affected by habitat loss is crucial to design appropriate management and conservation strategies within fragmented landscapes [8] .
The species -area relationship (SAR) has frequently been used to predict species extinctions resulting from habitat loss and fragmentation [9] [10] [11] [12] [13] . Despite its universal recognition, a potentially important feature of the SAR-the smallisland effect (SIE)-was largely neglected [14, 15] . The SIE occurs when, below a certain threshold area, species richness (S) varies independently of island area (A) [14, 16] , or at least increases at a lesser rate than on larger islands [17, 18] . The SIE is generally explained by stochastic factors, episodic disturbances or habitat diversity [15, 19, 20] . The threshold area of SIEs is predicted to vary regularly with taxon groups and island types [15] . While the pattern was first described about half a century ago [21, 22] , the SIE was only popularized by the pioneering work of Lomolino & Weiser [15] . Ever since, the SIE has become more and more part of the theoretical framework of island biogeography and biodiversity research [16] [17] [18] [23] [24] [25] [26] [27] [28] [29] .
The SIE can also be used to predict species extinctions resulting from habitat loss and has important implications for species conservation [15, 25, 29] . Compared with the traditional logarithmic form of power model, the SIE model has different predictions on species extinctions following habitat loss. That is, the slope of the SIE model is actually steeper beyond the threshold area than that estimated by the traditional power model [15, 29] . In habitat island systems where SIEs are detected, species conservation seems only effective in fragments that are larger than the threshold area of SIEs [15, 30] . In the context of worldwide habitat loss and fragmentation, it is important to apply the SIE theory to direct management efforts for effective biodiversity conservation in global habitat islands. Nevertheless, to date, no study has explicitly evaluated the prevalence and underlying factors determining the occurrence of SIEs in habitat island systems.
There are still debates over the best methodology to identify the SIE [15] [16] [17] 19, 20] . In a critical methodological review, Dengler [17] suggested that four criteria are necessary for the robust detection of an SIE: (i) the goodness-of-fit measure employed should account for varying model complexity; (ii) at least three relevant models (linear, the left-horizontal model, and two-slope breakpoint model) should be evaluated; (iii) model selection should be carried out in the same S-space for all models; and (iv) islands with no species that fall within the range size limit of the study should be included in the analyses [31, 32] . Triantis & Sfenthourakis [20] contend that the approach of Dengler [17] is flawed, especially in its treatment of habitat diversity. To date, however, Dengler's criteria are widely used because the piecewise (breakpoint) regression tends to be a dubious method for the detection of SIEs [15, 19, 32, 33] . As most previous studies that claimed SIEs violated at least one of these methodological pre-requisites [17] , it is presently an open question how frequent SIEs are or whether they occur at all [17, 18, 33] . Therefore, there is an exigent need to apply appropriate methods to determine the prevalence of SIEs in habitat island systems.
Here, we conducted the first global synthesis of the SIE in habitat island systems to address the following questions. (i) What is the prevalence of SIEs for habitat islands using statistically appropriate methods? (ii) How does the threshold area of SIEs vary with habitat island types and taxon groups? (iii) Which habitat island characteristics are important in determining the occurrence of SIEs? (iv) How can one apply the SIE theory to direct conservation management of taxon groups in habitat island systems?
Material and methods (a) Data collection
We searched for habitat island studies and relevant datasets using four main abstracting databases (ISI Web of Knowledge, BIOSIS Biological Abstracts, JSTOR and Scopus) between August 2014 and July 2016. The search keywords included combinations of 'habitat islands', 'fragments', 'habitat fragmentation', 'habitat loss' and 'species richness'. We also used 'small island effect' as the search term. Cross-referenced papers derived from the reference lists of sourced papers were also included. More than 1500 journal articles, books, reports, online databases and unpublished resources were screened. To increase the statistical power for the robust detection of SIEs, however, we only included datasets that met the following criteria.
(1) Habitat islands were defined as discrete patches of habitat surrounded by contrasting, 'hostile' matrix habitat [34] . A few island systems within an aquatic matrix (e.g. rainforest fragment systems created by the construction of a reservoir) were also considered as habitat islands, because the range of island areas and dominant assembly processes in these systems are more similar to habitat islands than to oceanic islands [34, 35] . (2) The area and species richness of each habitat island were listed in the source publication. The area of habitat islands (in ha) was extracted from the source papers or directly from the authors of these papers when unavailable [32] .
(3) There were at least 15 habitat islands within each dataset. This critical sample size is necessary for the analysis of the multi-phase SAR pattern with a highly non-uniform distribution of island area [15, 36] . We did not use the number of seven islands, which was the minimum sample size for the detection of SIEs (see below) [32] , because small samples often have unstable parameter estimates and low statistical power [36, 37] . (4) The dataset derived from a source did not overlap with those from any other sources. For datasets with overlap in both sites and species, such as that of Wang et al. [31, 38] , we used the most recent and complete data. However, data for different taxa within the same habitat island system were included as distinct datasets [32, 39] . (5) The species inhabiting habitat islands must span from very few (including S ¼ 0) to many or most species from the species pool [15] . This criterion is important because it includes the key phases of SAR that are driven by different underlying forces [15, 39] . To meet this criterion, the maximum number of species (S max ) in an island group must be at least three times the minimum number of species (S min ) (electronic supplementary material, appendix S1). Alternatively, we fitted the SAR to visually check whether it levelled off or approximated the species pool.
After applying these criteria, only 90 datasets from 67 distinct habitat island systems (figure 1; electronic supplementary material, appendix S1) and 76 separate sources (electronic supplementary material, appendix S2) were retained for further analyses. The datasets covered a wide range of taxa. We classified all the taxa into six general groups: (i) plants (20 cases, 22.2%), (ii) invertebrates (9 cases, 10.0%), (iii) amphibians (3 cases, 3.3%), (iv) reptiles (7 cases, 7.8%), (v) terrestrial mammals (19 cases, 21.1%), and (vi) birds/bats (32 cases, 35.6%). This classification of taxa was based on their rough resource requirements and dispersal abilities, which are known to affect the threshold area of the SIE [15] . Habitat island types were generally categorized as (i) forest islands, (ii) grassland fragments, (iii) mountaintops [40] , (iv) urban fragments, (v) reservoirs and lakes, and (vi) other (e.g. gravel pits, reserves or protected areas). Each major taxon and habitat island type was overall well represented, although there were relatively few datasets on amphibians and reptiles, as well as on grassland fragments and mountaintops (table 1) .
For each dataset, we recorded a number of system characteristics: (i) habitat island type, (ii) taxon group, (iii) number of islands (no. of islands), (iv) minimum island area (area min ), (v) maximum island area (area max ), (vi) mean island area (area Mean ), (vii) the ratio of maximum to minimum island area rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181868 (area ratio, i.e. area max /area min ), (viii) the range in island area within an archipelago (area range, i.e. area max 2 area min ), (ix) total area (area Total ), (x) minimum number of species for the island group (S min ), (xi) maximum number of species (S max ), (xii) the ratio of minimum to maximum number of species (species ratio, i.e. S min /S max ), and (xiii) the range in number of species within an archipelago (species range, i.e. S max 2 S min ) (electronic supplementary material, appendix S1). Except for habitat island type and taxon group, all the continuous variables were log-transformed to meet the requirement of normal distributions [36] .
(b) Small-island effect detection and multimodel inference
We evaluated the existence of an SIE within a habitat island system by comparing the fit of a linear model (equation (2.1)) with the two most widely used SIE models that were proposed by Lomolino & Weiser [15] (the left-horizontal function; equation ( 3) (figure 2b) is supported, the evidence of an SIE is found [15, 17] . However, the datasets fitted best by equation (2.2) provide stronger evidence for an SIE than those fitted best by equation (2.3) [18, 32] . The discontinuous two-slope function of Gentile & Argano [24] was not used here because it is inappropriate for modelling macroscopic processes in nature [17] and is often difficult to interpret ecologically [42] .
ð2:3Þ
In these equations, S stands for species richness, A for island area, while c i (intercept), z i (slopes) and T (breakpoint) are fitted parameters. The logical expression in brackets returns a value of 1 if true and 0 if false [17] .
We used the power function (log-log model) [43] as the basic function to detect the SIE mainly for four reasons. First, it usually fits the (island) SARs well [39, 44] . Second, it allows the easy creation of variants that incorporate the SIE [15, 17] . Moreover, it is one of the few functions for which biological significance has been assigned to model parameters [39, 45] . Finally, it is widely used in SIE studies (e.g. [23, 24, 26, 29, 30, 46] ), which allows comparisons with previous literature. However, for the 23 datasets with empty islands (S ¼ 0) (electronic supplementary material, appendix S1), the logarithmic function (semi-log model) [47] was used because it is especially appropriate for such kind of data in detecting an SIE [31, 32] . We did not use the traditional logðS þ 1Þ ¼ log C þ z log A to include empty islands because such transformation is inherently flawed and will lead to strong biases in the estimation of residuals, log C and z [48] [49] [50] .
We fitted all the equations with the nonlinear regression module of STATISTICA 8.0 [51] . We used the default settings of the program (loss function ¼ (OBS 2 PRED) 2 ; estimation method ¼ quasi-Newton; convergence criterion ¼ 0.0001; starting values Table 1 . The distribution of datasets across taxon groups and habitat island types for the 90 global datasets that were used to detect small-island effects. rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181868 for all parameters ¼ 0.1; step-width for all parameters ¼ 0.5) [17] . The program computed an optimal solution for all parameters by an iterative process. If the iterative process did not converge, we altered the starting values until the program found a minimum. For each model, we calculated the predicted values of S for all islands in each dataset, which were then used to determine R 2 , adjusted R 2 and AIC c [17, 26] . The most frequent problem in detecting SIEs is not accounting for model complexity when comparing models with different numbers of parameters [17, 26] . The two SIE models (equations (2.2) -(2.3)) used in our study have one or two additional parameters compared with the respective SAR model without SIE (equation (2.1) ). In such situations, it is wrong to use the uncorrected R 2 to select the best model because it always increases as more predictors are added to the model [17, 36, 52] . Instead, other criteria that penalize for the extra parameters, such as adjusted R 2 , AIC or AIC c , should be used for correct model selection [17, 26, 53, 54] .
To assess the existence of the SIE in each dataset, we compared the performance of the above three SAR models using the adjusted
, where K is the number of model parameters and n is the number of observations) [54] . For the continuous two-slope SIE function with K ¼ 5 (equation (2.3) ), to avoid a zero or negative denominator of (n 2 K 2 1), the minimum number of habitat islands must be seven [32] . The model with the minimum AIC c value was considered as the best model, but all models with DAIC c , 2 were considered to have similar substantial support [54] . Thus, we did not consider the SIE obviously exist when the above three SAR models had DAIC c , 2. In contrast, the existence of an SIE was based on there being a DAIC c ! 2 between one of the SIE models (equations (2.2)-(2.3)) and the power model (equation (2.1)) (figure 2) [32, 54] .
The threshold area of SIEs is predicted to be highest for taxon groups with relatively high resource requirements and low dispersal abilities and for biotas of more isolated archipelagos [15] . For the datasets in which an SIE was detected (electronic supplementary material, appendix S1), we thus used analyses of variance (ANOVA) to test the effects of habitat island types and taxon groups on the threshold area of SIEs. If ANOVA revealed a significant difference, we used Tukey's HSD post hoc test to determine which factor levels differed significantly from one another [36] . The distribution of threshold area of SIEs conformed to the normality and homoscedasticity assumptions of ANOVA.
(c) Habitat island characteristics determining the occurrence of small-island effects
We employed logistic regression models [55] and an informationtheoretic approach [54] to determine which combination of habitat island characteristics was important in determining the occurrence of SIEs. We did not use the traditional stepwise selection procedure because it is inherently flawed in parameter estimation, inconsistent among model selection algorithms, and inappropriately focused on a single best model [56, 57] . We built logistic regression models using the following steps. First, to reduce multicollinearity and the number of variables, we assessed the data for correlations as strongly correlated variables (jrj ! 0.60) would be likely to measure the same or similar characteristics [58] . In our study, area max , area Mean , area Total , area range and area ratio were strongly correlated (electronic supplementary material, appendix S3). We only retained area range because it is known to affect species richness and composition in habitat islands [5, 59] . In addition, S min , S max and species range were also strongly correlated (electronic supplementary material, appendix S3). In these cases, we built logistic regression models for each variable, and used the model with the lowest AIC c for variable selection [32] . Accordingly, species range (AIC c ¼ 122.44) was retained, while S min (AIC c ¼ 127.28) and S max (AIC c ¼ 124.74) were excluded. Finally, a total of seven variables were retained for further analyses: island type, taxon group, no. of islands, area min , area range, species ratio and species range (electronic supplementary material, appendix S4).
These seven habitat island variables are also known to be biologically important based on published researches [5, 15, 39, 59] . First, island type and taxon group are important in determining the threshold area of the SIE [15] . Second, area range was found to affect species richness and composition in habitat islands [5, 59] . Finally, no. of islands, area min , species ratio and species range are important in determining the parameters of SARs in habitat islands and true islands [32, 39, 60] .
Once the seven variables were selected, all possible combinations of models were fitted using logistic regressions [55] . In this way, we could identify which combination of variables was important in determining SIEs, and thus predicted and conserved such habitat island systems with high likelihood of occurrence of SIEs [32] . We compared model fits and ranked candidate models using AIC c . We used the R package glmulti to select models automatically and make multimodel inference [61] . Because our analyses frequently resulted in multiple competing models with similar AIC c , we used the model average method to incorporate model selection uncertainty in the following steps [54] . First, we determined the set of models to be averaged by adding models in order of decreasing Akaike weight (v i ) until the cumulative weight (v þ ) ! 0.95 [54] . Second, we used the relative variable importance to determine which habitat island variables were important in generating SIEs. We calculated the relative importance of predictor variable x j by summing Akaike weights across all the models in the set where variable j occurred [54] . Finally, we computed weighted estimates of regression coefficients ð u ¼ P R i¼1 w iûi Þ and unconditional standard errors ðsêð uÞ
Þ for the models in the 95% confidence set using the R package MuMIn [62] . All the analyses, unless mentioned otherwise, were conducted with R version 3.3.3 [63] .
Results (a) Prevalence of small-island effects in habitat islands
Among the 90 global habitat island datasets, SIEs were unambiguously detected in 36 cases (40%) using AIC c or adjusted R 2 as a criterion to account for model complexity (electronic supplementary material, appendix S1). However, had we not penalized for model complexity and used uncorrected R 2 values to select models, SIEs were always detected in the 90 datasets (electronic supplementary material, appendix S1). Although the uncorrected R 2 correctly identified the 36 cases of SIEs, it erroneously detected SIEs in other datasets when SIEs in fact did not exist (electronic supplementary material, appendix S1). These results thus highlighted the need to account for model complexity for the correct detection of SIEs.
(b) Patterns of variation in the threshold area of smallisland effects figure 3a ; electronic supplementary material, appendix S1). Furthermore, the threshold area of SIEs in invertebrates was significantly smaller than in other taxa (figure 3b).
(c) Habitat island characteristics determining the prevalence of small-island effects
Using the R package glmulti, we identified the model incorporating the number of islands, area range, species range, island type and taxon group as the best approximating model (DAIC c ¼ 0) that determined the prevalence of SIEs in the candidate set (electronic supplementary material, appendix S4). However, an Akaike weight (v i ) of 0.11 of the best model suggested substantial model selection uncertainty. Overall, 77 models were required to form the 95% confidence set (electronic supplementary material, appendix S4). Relative variable importance, as measured by the sum of Akaike weights (v þ ), indicated that the number of islands, area range, species range, island type and taxon group were substantially important (all v þ . 0.69) in determining the prevalence of SIEs using model averaging in the 95% confidence set (table 2) . Model-averaged parameter estimates suggested that the prevalence of SIEs was positively related to the number of islands, area range, species range and taxon group, but negatively correlated with island type (table 2) . In contrast, area min (v þ ¼ 0.27) and species ratio (v þ ¼ 0.44) received considerably less support (table 2).
Discussion
In this study, we conducted the first extensive synthesis to systematically evaluate the prevalence and underlying factors determining the occurrence of SIEs in global habitat island systems. Quantifying the prevalence of SIEs in habitat islands is important from both a fundamental ecological and conservational perspective [15, 25] . We found the evidence for an SIE in 36 of our 90 habitat island datasets. The prevalence of SIEs (40%) in habitat islands was positively related to the number of islands, area range, species range and taxon group, but negatively correlated with island type.
(a) Prevalence of small-island effects in habitat islands
Our results are consistent with two previous studies that found SIEs to be relatively common in true islands [15, 32] . Our results are reliable as our analyses meet all four criteria of Dengler [17] (see introduction) that are generally considered necessary for the robust detection of SIEs. Our study also highlights the importance of using statistically appropriate methods for the correct detection of SIEs [17, 26] . We demonstrate clearly how not accounting for model complexity (using uncorrected R 2 values) leads to wrong model selection in detecting SIEs (electronic supplementary material, appendix S1). It should be noted that our estimate of the prevalence (40%) of SIEs in habitat islands is conservative because the log-transformation of area and species richness may occasionally increase the difficulty of detecting SIEs [14, 19] .
(b) Patterns of variation in the threshold area of smallisland effects
For the 36 datasets in which SIEs were unambiguously detected, we found significant effects of habitat island types and taxon groups on the threshold area of SIEs. The threshold areas of SIEs in mountaintops and other habitat island types (e.g. gravel pits, reserves or protected areas) were found to be significantly larger than in forest islands, urban fragments and reservoirs. At least two factors may explain the difference in the threshold area of SIEs among habitat island types. First, the mean area of mountaintops and other habitat island types was overall larger than those of forest islands, urban fragments and reservoirs (electronic supplementary material, appendix S1). In addition, mountaintops and other habitat island types seem to be more isolated [5, 40] , whose threshold areas of SIEs are thus larger than the other three habitat island types [15] . We also found that the threshold area of SIEs in invertebrates was significantly smaller than in other taxa. The threshold area of SIEs is predicted to be highest for species groups with relatively high resource requirements and low dispersal abilities [15] . In our study, the two cases of invertebrates, land snails and spiders (electronic supplementary material, appendix S1), usually have low resource requirements and poor dispersal abilities when compared with other taxa [15, 59] . Hence, their threshold areas of SIEs were smaller than other taxa.
We found that the number of islands was important in determining the occurrence of SIEs in habitat islands. The number rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20181868 of islands is also known to influence the parameters of SARs in habitat islands and true islands [32, 39, 60] . Our results suggest that the more habitat islands are included, the more likely it is that SIEs will occur. In most previous surveys, the biases of inclusion of a disproportionately high number of large islands or small fragments are viewed as one of the reasons why many studies have failed to detect the SIE [15] . The inclusion of a larger set of islands can thus reduce such biases, which in turn will increase the likelihood of detecting SIEs [15] . Area range is another important variable that determines the occurrence of SIEs in habitat islands. Area range is found to influence species richness and composition in habitat islands [5, 59] . In fact, area range is a measure of the range in grain of island area [39] . Larger area range in the study system often indicates that more biological processes are involved in establishing species richness [32, 39] . In our study, the archipelagos with larger area ranges tended to have larger number of islands (electronic supplementary material, appendix S3), which in turn will positively influence the occurrence of SIEs.
Species range was also important in determining the occurrence of SIEs in habitat islands. Species range is actually a measure of the range in grain of species richness across islands [39] . Large species range in an island group usually includes the key phases of SAR that are driven by different underlying forces [15, 39] . In our study, the archipelagos with larger species ranges had significantly larger area ranges (electronic supplementary material, appendix S3), which thus will positively influence the occurrence of SIEs.
Moreover, island type was negatively correlated with the occurrence of SIEs in habitat islands. We classified all habitat islands into six general groups: forest islands, grassland fragments, mountaintops, urban fragments, reservoirs and lakes, and other (e.g. gravel pits, reserves or protected areas). The results imply that compared with other island types, the SIE is more likely to occur in forest islands. One explanation for the results may be that forest islands dominates the habitat types (43 in 90 cases), which probably increases the likelihood of the occurrence of SIEs. Alternatively, the different effect of habitat type on the occurrence of SIEs may be due to their differences in isolation [5, 15] .
In addition, taxon group could influence the occurrence of SIEs in habitat islands. Taxon group is known to influence the threshold area of SIEs [15] and the parameters of SARs in habitat islands and true islands [39, 60] . We divided all the taxa into six general groups and found significant taxon effects on the occurrence of SIEs in habitat islands. The main reason for the taxonomic difference in the occurrence of SIEs may be differences in resource requirements and dispersal abilities [15] .
It is important to distinguish ecological drivers from statistical effects for the role of island characteristics in generating SIEs. Among the island characteristics, there are obvious ecological reasons for taxon group and island type to influence the SIE [15] . The threshold area of the SIE tends to be high for taxon groups with high resource requirements and low dispersal abilities, and for biotas of more isolated archipelagos [15] . By contrast, the effect of the number of islands on the occurrence of SIEs may simply be a statistical effect [32] . However, for area range and species range, their effects may be a mixture of statistical and ecological factors. Although these two variables are not directly linked to ecological mechanisms, the systems with larger variations in island area and species richness often involve more ecological processes in establishing species richness [39] .
(d) Conservation implications
In the context of global habitat loss and fragmentation, understanding the prevalence and underlying factors determining the occurrence of SIEs in habitat islands can have important implications for conservation and be used to direct management strategies [15, 25, 29, 30] . Our synthesis results of SIEs have several general and specific management implications for biodiversity conservation in global habitat island systems. First, we found that SIEs were common and were unambiguously detected in 40% of our 90 global habitat island datasets. Thus, conservation biologists and applied ecologists must consider the prevalence of SIEs when making management strategies in fragmented landscapes [15, 25] . In addition, we should pay particular attention to habitat island systems with a high number of islands, large area range and large species range, because SIEs are more likely to occur in such systems [32] . Specifically, for each of the 36 datasets in which SIEs were detected, the most effective management effort would be to identify the threshold area of SIEs and then protect relevant fragments that are larger than this threshold area [15, 29, 30, 64] . In contrast, for the small and highly fragmented islands that fall Table 2 . Model-averaged parameter estimates (u), unconditional standard errors (s.e.) and relative variable importance (v þ ) for each variable in the 95% confidence set. For the logistic regression model, the response variable was whether a small-island effect was detected (y ¼ 1) or not (y ¼ 0) in a habitat island system (electronic supplementary material, appendix S1). within the range of the SIE, alternative conservation efforts may be more effective by optimizing habitat quality and managing populations within those islands [15, 29] .
(e) Conclusions
Overall, our study demonstrates that SIEs in habitat islands are common. Our results highlight the need to use appropriate methods for the correct detection of SIEs [17, 26, 32] . The number of islands, area range, species range, island type and taxon group were key variables that determined the occurrence of SIEs in habitat islands. We found that birds and mammals, compared with other taxa, had a higher likelihood of occurrence of SIEs (electronic supplementary material, appendix S1). This result suggests that we should take taxonomic difference into account for the development of effective conservation guidelines [65] . Habitat island types and taxon groups had significant effects on the threshold area of SIEs when they were occurring. We conclude that conservation biologists and applied ecologists should consider the prevalence of SIEs when making management strategies in fragmented landscapes.
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